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ELECTROKINETIC  HYDROPHONES 


1 . INTRODDCTIOH 


This  last  technical  report  is  confined  to  the  exploratory 
and  development  work  carried  out  under  Contract  Nonr-6l7(00)  on 
elect rokinetic  hydrophones.  For  reasons  of  classification  specific 
applications  are  not  discussed.  The  theory  and  properties  of  electro- 
kinetic  transducers  are  discussed  in  Technical  Reports  2 and  3 and  in 
Reference  11. 

The  results  of  the  work  which  has  been  carried  out  indicate 
that  the  most  promising  field  for  electrokinetic  hydrophones  is  in  low 
and  very  low  frequency  applications  where  flat  response  is  required  and 
the  use  of  sub-surface  preamplifiers  is  objectionable.  Their  resistive 
output  impedance  and  liigh  mechanical  input  impedance  make  possible  their 
use  at  great  depths  without  sub-surface  preamplifiers.  Their  long  term 
stability  and  sase  of  calibration  may  make  them  useful  as  standards  in 
frequency  ranges  from  as  low  as  0.1  cps  to  1000  cps.  The  factors  which 
govern  or  linrlt  the  performance  of  electrokinetic  hydrophones  are 
relatively  simple  but  must  be  fully  understood  before  a sound  decision 
can  be  made  as  to  whether  to  employ  an  electrokinetic  type  of  trans- 
ducer in  a proposed  hydrophone  application.  These  factors  are  discuss- 
ed in  this  report. 

A number  of  electrokinetic  tydrophone  arrangements  were 
considered  and  several  types  were  built  and  tested.  The  numerical 
and  graphical  dav,a  on  frequency  response  along  with  other  data  on  the 
hydrophones  included  in  this  report  were  obtained  by  the  D.S.N. 
Underwater  Sound  Reference  Laboratory  at  Orlando,  Florida,  at  the 
request  of  the  Acoustics  Branch  of  the  Office  of  Naval  Research. 

Performance  relations  involving  power  sensitivity,  impedance, 
equivalent  noise  pressure,  depth,  equalizer  volume,  low  frequency  cut- 
off, eLc.  are  developed  and  presented  as  alignment  charts  in  Appendix 
A.  Other  notes  regarding  self-noise  and  the  use  of  transformers  are 
also  included  in  the  Appendices. 
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2. 


SUMMARY  AND  CONCLUSIONS 


(a.)  Perfonnance  Table  of  Electroklnatic  Hydrophones  Developed 
on  Fro.iect  HR  385  A07 


A table  of  average  characteristics  of  the  hydrophones 
vhioh  were  developed  is  given  below.  Where  additional  testing  is 
required  to  fully  establish  the  correctness  of  an  entry  it  is 
marked  with  an  asterisk.  The  units  are  the  same  as  those  used  and 
defined  in  Appendix  A. 


Voltage  Sensitivity  (DB) 
Impedance  (Reference-Grid) 
Power  Sensitivity  (DB) 

Noise  pressure-One  Cycle  (DB) 

Cable  Impedance 

Max.  Usable  Depth  (Ft.) 

Low  Frequency  Cut-off  (c.p.s.) 
Upper  useful  limit  (c.p.s.) 


LF-1 

LF-2 

S-2 

-104 

-100 

-82.5 

17K 

450K 

450K 

-102 

-112 

-94 

-52.5 

-42.5 

-60 

17K 

500 

500 

100 

20,000» 

50 

0.1 

5-101^ 

20 

1000 

1000 

1000 

Line  transformers  are  available  commercially  with  re- 
sponse flat  to  0.1  c.p.s.  which  will  match  the  LF-1  Hydrophone 
to  a 500  ohm  line.  It  is,  iiiherefore,  practicable  to  use  any  of 
the  above  hydrophones  with  cables  several  miles  in  length  \fith- 
out  sub-surface  or  cable  preamplifiers. 

(b.)  Stability 

It  has  been  fully  established  by  our  own  tests,  by  the 
U.S.N.  Underwater  Sound  Reference  Laboratory  tests  described  in 
Section  4 and  References  2,  3,  4,  5,  and  6,  and  by  commercial 
verifications  that  electrokinetic  transducers  or  hydrophones 
constructed  as  shown  in  this  report  hold  their  calibration  for 
long  or  indefinite  periods  of  time.  (There  has  been  no  known 
instance  of  a transducer  employing  the  "Type  4"  construction 
losing  its  calibration.) 


(c.)  Accuracy 


Transducer  calibrations  at  low  frequencies  within  the 
- ..d-barid  range  can  readily  be  carried  out  to  better  than  2^  or 
0.25  i©  using  a pistonphone.  This  procedure  gives  as  great  or 
greater  accuracy  than  is  usually  obtained  in  commercially  avail- 
able standard  hydrophones  at  low  and  very  low  frequencies. 


i.  e.  from  O.i  cps  to  1000  cps. 


( d . ) Economic  Factors 


Ko  experience  has  been  obtained  thus  far  in  the  quantity 
production  of  electrokinetic  hydrophones.  To  answer  questions  which 
may  aris'*  it  is  well  r.o  p^jint  out  that  no  expensive  or  critical 
materia"' s are  involved  nor  are  there  anr  close  machining  tolerances. 
All  critical  assembly  operations  on  a production  design  could  be 
carried  out  by  semi-skilled  labor  or  by  automatic  machines.  The 
electrokinetic  hydrophone,  therefore,  could  be  adapted  to  economical 
quantity  production  techniques. 


(e.)  Future  Designs 


Mary  varieties  of  future  designs  are  possible.  It  should 
be  possible  to  predict  their  performance  in  advance  by  considering 
the  factors  diarted  in  Appendix  A.  The  hydrophones  thus  far  develop- 
ed are  relatively  small  and  somewhat  low  on  power  sensitivity  for 
some  applications  particularly  at  frequencies  above  100  c.p.s.  The 
sea  noise  decreases  with  frequency  and  the  thermal  noise  as  a result 
becomes  comparatively  more  troublesome  at  higher  frequencies. 

One  obvious  way  to  raise  the  power  sensitivity  and  lower 
the  thermal  noise  pressure  is  to  simply  design  a larger  hydrophone 
with  a larger  compressible  equalizer  volume  and  multiple  parallel 
or  series  connected  transducing  elements.  This  would  appear  to  be 
a perfectly  practical  solution  for  hydrophones  which  are  to  be  buried 
under  the  sea  for  long  periods  and  which  must  operate  over  long 
cables  without  preamplifiers. 

It  is  possible  that  solid-liquid  combinations  will  be 
found  which  will  possess  increased  transducing  efficiency.  With 
present  combinations  efficiency  is  slightly  over  1^  with  occasional 
discs  giving  up  to  2%.  The  term  efficiency  here  refers  to  the  ratio 
of  the  mechanical  energj'  converted  to  electrical  energy  to  the  total 
energy  absorbed  and  dissipated.  It  is  somewhat  misleading  inasmuch 
aSj  by  cemparisen,  an  slscLromagneti>:  moving  device  '..-ith  no 

mechanical  damping  would  be  10056  efficient.  Yet  to  function  in  a 
hydrophone  at  comparable  depths  and  with  flat  response  over  the  same 
frequency  ranges  mechanical  damping  would  be  required  to  such  a degree 
that  the  overall  efficiency  would  become  very  small,  particularly  at 
frequencies  below,  say,  10  cps  and  at  great  depths. 

It  is  unlikely  that  the  transducing  efficiency  will  be 
increased  more  than  a few  fold,  because  of  the  theoretical  relation 
between  efficiency  and  the  double  layer  thickness  to  pore  radius 


ratio.  From  energy  considerations  it  can  be  shovm  that  for  the 
same  hydrophones  described  in  this  report  a power  sensitivity 
improvement  of  38.6  DB  is  the  maximum  theoretically  possible 
for  an  ideal  elect rokinetic  element  or  an;/  other  kind,  other 
factors  being  equal.  This  figure  assumes  lOOyf  conversion  of 
energy  w> ich  is  most  unlikely  or  impossible  in  an  elect rokinetic 
device . 


(f .)  Conclusions 

It  is  anticipated  that  elect rokinetic  hydrophones 
will  fill  a neer.  wherever  low  or  very  low  frequency  pressure 
response  is  a requirement,  where  sub-surface  preamplifiers  are 
undesirable,  cr  where  low  frequency  measurements  are  to  be  made 
at  great  depths  or  over  long  periods.  Where  greater  power 
sensitivity  is  required  it  may  be  obtained  by  the  use  of 
multiple  or  cylindrical  elements,  and  larger  or  more  compliant 
equalizers.  The  thermal  noise  for  electrokinetic  transducers  at 
low  frequencies,  particularly  below  10  cps,  is  substantially 
lower  than  that  for  piezoelectric  or  ferroelectric  transducers 
of  roughly  the  same  dimensions  unless  extremely  high  shunt 
resistive  components  of  impedance  are  maintained  across  the  latter. 


3.  MEASOREMENTS  WITH  A SEALED  TRANSDDCER 

A Type  4 transducer.  Serial  No.  9»  essentially  as 
shown  in  Figure  3-2  of  Teclmical  Report  No.  2 was  tested  by  the 
Underwater  Sound  Reference  Laboratory.  A portion  of  their  results 
as  reported  in  Reference  1 are  given  in  this  section. 

The  transducer  employed  a 3/4”  O.D.  by  .080"  Grade  #03 
porous  porcelain  disc  in  an  acetonitrile  filled  cell.  The  disc 
was  partially  masked  with  wax  improving  the  low  frequency 
response  and  raising  the  impedance  by  roughly  50%.  Brass 
aluminum  overlay  diaphragms  were  employed.  A wax  and  tape  seal 
was  employed  at  the  rear  Joints  of  the  case  to  last  for  the 
duration  of  the  tests.  Tests  were  made  with  both  20'  and  4' 
cables  but  only  the  latter  are  included  here  as  the  longer  cable 
merely  att“nuuted  the  higher  frequfanciea  in  a predictable  fashion. 

Figures  1 and  2 show  the  transducers  response  from 
0.3  to  100  c.p.s.  and  from  1 c.p.s.  to  100  KC.  (The  irregular 
response  from  2KC  is  peculiar  to  its  underwater  characteristics 
whereas  the  sudden  drop  at  3C8tC  appears  to  be  unique  to  the  design 
in  any  media.) 

Figure  3 shows  the  results  of  impedance  measurements 
made  by  the  U.S.R.L.  on  the  same  transducer.  (The  change  in 
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PEECUEIICY  IN  CYCLES  PER  SECOND 


FREQUENCY  IN  KILOCYCLES  PER  SECOND 


Frequency  In  Kilocycles  per  Second 


resistance  from  10  to  lOOKC  was  not  noted  in  impedance  measuro- 
ments  made  by  The  Beta  Corporation.  To  a certain  extent,  however, 
these  measurements  depend  on  the  current  level  because  of  polarisa- 
tion effects.) 

The  calculated  noire  voltage  per  cycle  is  -145DB  re 
1 volt  flat  to  a 3DB  break  point  at  about  6,500  cps,  the  noise 
falling  at  6DB  per  octave  at  higher  frequencies.  This  corresponds 
to  an  equivalent  noise  pressure  in  one  cycle  of  -42DB  re  1 dyne 
per  centimeter  squared  at  frequencies  below  2KC . The  above 
figures  are  taken  from  U.S.R.L.  Calibration  Memo.  No. 


4.  THE  LF-1  HYDROPHONE 


The  LiF-1  Hydrophone  was  developed  as  a pressure 
sensitive  hydrophone  with  flat  response  to  0.1  cps.  (A  modified 
unit  was  assembled  for  a special  project  with  response  flat  to 
0.01  cps.)  It  was  designed  to  include  the  decades  from  10  cps 
to  0.1  cps  in  a design  as  such  low  frequencies  are  very  difficult 
to  cover  with  piezoelectric,  ferroele.  "'c,  or  electromagnetic 
devices. 


The  LF-1  Hydrophone  is  shown  in  section  in  Figure  4 
and  as  a photograph  in  Figure  5«  Two  2"  O.D.  by  0.125"  porous 
discs  are  employed  in  parallel  connected  cells  in  this  hydrophone. 
Inertial  effects  are  somewhat  reduced  in  this  opposed  arrangement. 
The  diaphragms  are  a heavy  aluminum  foil  bonded  to  a Teflon 
impregnated  glass  cloth  base,  the  latter  being  exposed  to  the 
outside.  The  equalizer  is  simply  a neoprene  air  filled  bellows 
exposed  to  the  sea  and  connected  through  low  pressure  relief 
valves  to  the  air  passages  in  the  hydrophone  leading  to  the  rear 
of  the  cells.  As  the  hydrophone  is  lowered  the  pressure  across 
the  cells  is  equalized  but  their  re»'rs  are  acoustically  isolated 
by  the  valves  at  any  given  depth.  The  LF-1  is  designed  to  operate 
at  up  to  100  feet  with  the  bellows  illustrated.  Two  hundred  feet 
of  Spiral  4 cable  were  supplied  with  each  LF-1  Hydrophone  with  one 
end  sealed  into  the  hydrophone  cable  gland. 

An  lF-1  Hydrophone,  Serial  No.  1,  was  shipped  to  the 
Underwater  Sound  Reference  Laboratory  on  August  4,  1953  at  the 
request  of  ONR.  Some  of  the  results  of  their  tests  as  they  were 
reported  to  ONR  at  intervals  are  as  follows: 

Measurements  to  check  the  sensitivity  of  the  hydrophone 
as  a function  of  pressure  (0-50  psig)  at  100  cps  were  made  on  the 
following  dates  and  reported  by  letter,  each  of  which  stated  that: 

"No  significant  change  from  earlier  results  was  detected." 

23  September  1953 
20  October  1953 
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24  Novenber  1953 
18  December  1953 
20  January  1954 

(References  2,  3,  4,  5,  6*) 

Reference  2 reported  a conductance  of  60  micromhos 
(16,700  ohms)  in  the  range  from  200  cps  to  1000  c.p.s.  ”The 
measured  parsQ.lel  capacitance  over  the  s£ime  frequency  rang?  is 
11,490  micromicrofarads".  Their  preliminary  data  showed  a noise 
voltage  of  -I56DB  in  one  cycle  re  1 volt  at  200  cps  and  a 
sensitivity  of  -991®*  The  frequency  response  curve  also  given 
as  preliminary  data  is  shown  in  Figure  6.  Reference  7 confirmed 
that  the  response  was  found  to  be  flat  over  a range  from  0.3  to 
2 cps  hence  these  points  are  included  in  Figure  6. 


5.  THE  LF-2  HIDROPHONE 


The  LF-2  Hydrophone  is  shown  in  section  in  Figure  7 
and  as  a photograph  in  Figure  8.  In  developing  this  hydrophone 
it  was  desired  to  evolve  an  instrument  capable,  if  necessary,  of 
working  to  depths  of  up  to  20,000  feet  without  sub-surface 
preamplifiers  and  with  the  best  low  frequency  response  found 
reasonable  to  achieve  in  a pilot  design. 

The  section  drawing  in  Figure  7 is  almost  self-explan- 
atory. The  transducer  unit,  which  is  generally  similar  to  the 
"Type  4"»  is  located  between  the  two  oil  filled  cavities,  only 
one  of  which  is  exposed  acoustically  to  the  sea.  The  entire 
assembly  is  filled  with  a viscous  compressible  oil  permitting 
hydrostatic  equalization  throughout.  A by-pass  capillary  with  a 
very  high  flow  resistance  allows  for  changes  in  the  specific 
volume  of  the  trapped  oil  and  thus  prevents  damage  of  the 
diaphragms  while  acoustically  isolating  the  two  chambers.  The 
S.I.E.  Type  RI-1714  transformer  matches  the  I5OK  transducer 
impedance  to  the  cable  at  500  ohms.  A surface  transformer, 

S.I.E.  Type  TI-1514,  matches  the  500  ohm  line  to  the  first  grid 
at  a 45CK  level.  No  grid  resistor  is  used.  The  transformers 
provide  response  flat  from  a 2DB  drop  at,  5 cps  to  well  over  1000 
cps  or  less  depending  on  the  cable  length.  The  method  of  employ- 
ing a compliant  volume  of  oil  as  an  equalizer  for  great  pressures 
is  treated  quantitatively  in  Appendix  A. 

An  LF-2  Hydrophone,  Ser.  1,  was  sent  to  the  Lajnont 
Geological  Observatory,  Palisades,  New  York,  for  hydrostatic 
tests  to  10,000  psi.  The  results  of  the  tests  are  given  in 
Refeience  10  and  are  Bujniuariz.eu  briefly  here.  The  iiydrophorie  was 
sealed  in  a water  filled  tank  and  connected  through  a matching 
transformer  to  a Brush  recorder.  A standard  signal  was  produced 
by  dropping  a lead  weight  4"  to  the  floor  and  the  record  thus 
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FREQUENCY  IN  CYCLES  PSP  SECOND 


I 

produced  was  observed  as  the  hydrostatic  pressure  was  changed. 

Pressure  was  then  slowly  varied  in  cycles  of  0-100-0  psi  and 
0-100-1000-100-0  psi  with  no  change  in  sensitivity  being  noted. 

In  a third  run  pressure  was  ralaeri  to  10,000  psi  with  stops  at 
100,1000,  and  7000  psi.  At  7000  and  10,000  psi  the  sensitivity 
decreased  and  the  hum  pickup  increased.  This  effect  continued 
down  to  the  low  pressures.  The  instrument  was  returned  and 
disassembled  in  our  laboratory.  It  was  found  that  the  large 
0-rin,i{  seal  allowed  some  water  to  leak  in  which  caused  the 
difficulty.  A modification  of  the  seal  is  being  made  on  several 
LF-2  Hydrophones  to  be  tested  at  great  depths. 

Tests  on  the  transformer  and  the  transducer  which  had 
been  subjected  to  10,000  psi  pressured  showed  no  effects  of  the 
high  pressure.  Thus,  there  is  evidence  that  transducers  of  the 
construction  shown  will  function  satisfactorily  to  10,000  psi 
pressures. 

An  LF-2  Hydrophone,  Serial  No.  6,  was  tested  by  the 
Underwater  Sound  Reference  Lf-boratcry  and  the  results  were 
reported  in  Reference  8.  Measurements  were  made  at  the  450,000 
o'nm  grid  winding  of  the  matching  surface  transformer.  The 
frequency  response  data  is  given  in  Figure  9*  The  cut-off  at 
around  20  cps  rather  than  at  5-10  cps  indicates  that  in  this  unit 
some  leakage  of  the  oil  exists  past  the  transducer  other  than  j 

through  the  capillary  causing  a decrease  in  the  time  constant.  | 

This  point  will  require  more  verification  as  further  tests  are 
conducted  on  the  hydrophones.  O.S.R-L.  reported  that  this 

hydrophone  withstood  repeated  exposures  to  1000  psig  pressures  * 

without  changing  its  sensitivity  but  it  was  not  tested  by  them 

at  ICOO  psig.  / 

‘5 

i 

6.  THE  S-2  HYDROPHONE 


The  S-2  Hydrophone  is  shown  in  Section  in  Figure  10 
and  as  a photograph  in  Figure  11.  This  experimental  hydrophone 
was  designed  to  investigate  the  feasibility  of  mechanical  match- 
ing or  "pressure  multiplication"  at  shallow  depths  with  an  electro- 
kinetic  cell.  The  ratio  of  the  effective  area  of  the  conical 
tecei-ving  diaphragm  to  that  of  the  piston  is  approximately  8:1 
giving  a gain  of  about  18DB.  Excluding  the  cell  and  the  com- 
pressible air  filled  equalizer  tube,  the  entire  assembly  is  filled 
with  silicone  oil  in  pressure  equilibrium.  The  combined  action 
of  the  two  areas  and  equalizer  are  discussed  in  Appendix  A. 

The  cell  resistance  is  softer  by  a factor  of  64  as  reflected 
to  the  receiving  diaphragm  making  the  equalization  problem  more 
difficult  in  proportion  to  the  realized  power  gain.  An  air  filled 
internal  equalizer  of  this  type  becomes  stiffer  vdth  the  square 
of  the  absolute  pressure  which  is  a distinct  disadvantage  as  it 
causes  low  frequency  response  to  fall  off  rapidly  witli  depth. 

A linear  spring  equalizer  would  be  a better  solution  where  both 
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an  iuternaJ.  equalizer  and  mechanical  matching  are  combined,  in 
the  same  design. 

A TyP®  S-2  Hydrophone,  Serial  No.  4,  was  tested  by 
the  Underwater  Sound  Reference  Laboratory  and  the  results  are 
reported  in  Reference  9.  Data  obtained  in  thsse  tests  are 
shown  in  Figure  12.  The  frequency  response  characteristics 
of  the  ’’multiplier”  are  evident. 

The  use  of  mechanical  matching  devices  is  discuseed 
further  In  Appendix  A. 
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APPENDIX  A 


DESIGN  AND  PERFORMANCE  RELATIONSHIPS 
WITH  ALIGNMENT  CHARTS 


(1)  General; 

Inasmuch  as  eloctrokinetic  hydrophones  are  beet  adapted 
to  the  measurement  and  detection  of  sound  pressures  at  low  fre- 
quencies and  at  great  depths,  (without  the  use  of  preamplifiers) 
it  is  desirable  to  relate  the  various  quantities  governing  their 
performance  and  size  in  such  applications  without  reference  to 
their  jjarticular  configuration  or  design.  It  will  be  shown  that 
for  a given  power  sensitivity  or  equivalent  noise  pressure,  and 
low  frequency  (3DB)  break  point,  a limitation  is  immediately 
imposed  on  an  equalization  stiffness  factor  "JE" . This  and  the 
operating  depth  may  be  related  to  the  required  minimum  volume  of 
a liquid  or  gas  required  if  a compressible  volume  is  to  be  the 
means  chosen  for  equalization  of  the  hydrostatic  pressure. 

In  other  words,  it  is  possible  to  determine  the  basic 
design  constants  including  minimum  size  for  an  elect rokine tic 
hydrophone  directly  from  the  performance  requirements  without 
detailed  consideration  of  the  size  or  munber  of  the  transducing 
elements  or  porous  plugs  and  without  making  any  assumptions  as  to 
whether  or  not  mechanical  impedance  matching  means  are  to  be  used. 

Relations  are  also  given  and  cb.arted  to  determine  the 
miriLmum  gas  or  oil  equalization  volumes  required.  Other  means  of 
equalization  incorporating  stiff  diaphragms  or  linear  springs  may 
also  be  used;  their  volumetric  stiffness  being  simply  "JE" . 

High  frequency  response  is  determined  bj  the  particular 
design  and  construction  of  the  hydrophone  and  other  factors  which 
will  not  be  considered  in  this  Appendix. 


.-r’—  .fanvTijKji; 


( 2)  Voltage  Sensitivity.  Impedance,  Power  Sensitivity,  and 
Equivalent  Noise  Pressure; 

The  sensitivity  of  a hydrophone  can  best  be  expressed 
In  terms  of  either  its  power  sensitivity  or  its  equivalent  noise 
pressure  in  a one  cycle  bandwidth. 

It  is  evident  that  when  a transformer  is  used  the 
volttige  sensitivity  or  impedance  can  be  changed  at  will  within  the 
limitations  imposed  by  the  transformer.  This  problem  should. 
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therefora,  be  treated  separately.  Inasmuch,  however,  as  flutter 
noise  and  other  noise  arising  in  the  surface  amplifier  may  impose 
a limitation  on  the  minimum  voltage  sensitivity,  and  since  data 
Oi>  aie  Ox  uei'i  glv'er!  lli  tonTio  of  voltags  oSnoltivity, 

it  is  convenient  to  be  able  to  eimply  relate  these  quajitities 
on  a chart.  The  following  definitions  will  be  used; 

- (H/P),  the  open  circuit  voltage  sensitivity 
in  volts  per  dyne/Cm*. 

Sy  - 20  log  (H/P)  or  voltage  sensitivity  in  DB 
re  1 volt  per  dyne/Cm*^. 

P.  = Output  impedance  or  resistance  in  ohms  at 
the  same  level  at  which  Sy  is  determined. 

2 

S'  = 25,000  (H/P)  X 1/R,  the  power  sensitivity 
given  in  milliwatts  for  a 10  dyne  per  Cm^.  sound 


given  in 
pressure 


S_  r 10  log  Sf,  or  power  sensitivity  in  DB  re  1 
milliwatt  for*^10  dynes  per  Gm^. 

From  the  above  definitions  we  obtain  the  well  known  relation; 

Sp  = Sy  - 10  log  R 44 

This  relation  is  included  in  the  "Pjj"  alignment  charts. 


(2)  Noise  Pressure: 


The  thermal  noise  per  cycle  obtained  from  the  formula 
for  Johnson  noise  and  arbitrarily  defined  at  25°C  is: 


e = 1.27  io'°  \1^ 


from  the  definition  of  power  sensitivity  we  may  obtain; 


P = 


H V 

So 


2-5,000 


vfR 


Substituting  the  noise  voltage  "e"  for  the  signal  voltage  "H"  we 
obtain  the  equivalent  noise  pressure  in  one  cycle; 


iA 


p'  V^s.ooo  . 1 27 

Ms; 

Expressing  as  a logarithra: 

Pjj  = 10  log  - lf54 
P^  = - Sp  - 154 
F rom  Eqxia4ion  ( l) ; 

Pj,  z -Sy  ^ 10  log  R-198  (2) 


The  above  relation  is  also  included  on  the  CViurt. 

It  should  be  recalled  that  it  only  appi.ies  at  mid-band  frequencies 
and  at  25°C.  In  hydrophones,  however,  errors  due  to  temperature 
are  small  because  of  the  limited  range  involved. 

The  total  noise  pressure  varies  with  the  noise  pressure 
per  cycle  times  the  square  root  of  the  bandwidth.  Its  allowable 
magnitude  for  a given  set  of  conditions  as  to  sea  noise  or  signal 
pressure  in  combination  with  the  frequency  response  limits  define 
the  performance  requirements  for  a hydrophone. 


(3)  The  Equalization  Factor  "Jg",  Noise  Pressure,  and  Low 
Frequency  Response; 

Although  no  specific  configurations  need  to  be  defined 
in  deriving  the  final  relations  which  follow,  a simp].ified 
schematic  arrarigement  showing  a piston  type  "pressure  multiplier" 
for  mechanical  impedance  matching  v/ill  assist  in  following  the 
reasoning  involved.  Such  an  arrangement  is  shown  in  Figure  13. 

We  first  assume  an  ideal  arrangement  wherein  all  the 
energy  absorbed  from  the  sea  is  dissipated  or  converted  in  the 
porous  plug  of  area  "Ap"  and  thickness  "t"  by  the  flow  of  the 
polar  liquid  through  the  plug.  In  previous  technical  reports  it 
was  shown  that  only  the  resistxve  mechanical  impedance  of  the  plug 


In  the  derivation  which  follows  only  the  sound  pressures 
are  considered,  the  equalized  hydrostatic  pressure  being  neglected. 

It  can  be  readily  shown  by  derivation  op  from  energy 
considerations  in  Figure  13  that: 

RV,  ■= 
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Hence: 


4 


In  the  above  is  the  sound  pressure  acting  on  the 
reoalving  diaphragm  of  area  Ap,  is  the  input  volume  rate  or 
where  i is  the  velocity  of  the  diaphragm  shaft  and  piston, 
?2  is  the  pressure  acting  on  the  porous  plug  and  ^2  is  the 
volumetric  rate  of  flow  through  the  porous  plug  of  the  polar 
liquid. 


together: 


Since  the  piston  and  the  receiving  diaphragm  move 


''' 


where  is  the  piston  area. 


area  ratio: 


The  pressure  ?2  is  therefore  greater  than  Pi  by  the 


P ~ P 

~~L.  ' I 


A 


R. 


A 


The  electrical  resistance  of  the  porous  plug  is  given 
in  terms  of  Ko,  the  overall  conductivity  of  the  liquid  filled 
plug  as  follows; 


R = 


t 


Ke  A 


D 


If  the  disc  sersitivity,  (H/P)p  is  increased  by  the 
area  ratio  to  obtain  the  hydrophone  power  sensitivity  we  may  write 
the  power  sensitivity  using  the  above  relations  as: 


: 2b  ,ooo 


From  this  relation,  it  would  appear  that  the  power 


J.  O XD 


sensitivity  might  be  increseeu  inueflnltely . 
however,  that  the  receiving  diaphragm  must  have  a neutral  position 
and  a restoring  force  to  limit  its  travel  under  changes  in 
pressure.  In  practice  this  force  or  pressure  is  determined  by 
the  equalizer  necessary  to  prevent  destruction  of  the  transducing 
cell  by  the  large  hydrostatic  pressure.  It  is  convenient  to 
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define  an  equalization  factor  Jg  which  is  the  ratio  of  the 
restoring  pressure  to  «.  corresponding  change  in  volume  or  Ap^I. 
X is  the  correspondinjj  displacement  of  the  diaphragm. 


The ref ore; 


P 

X 


Where  Pp  is  the  restoring  pressure  and  is  the  equivalent 
resstoiirig  force  on  the  piston. 

The  viscous  damping  force  on  the  piston  is  given  by: 


</;.  -fc  A,p  _ 


^ Ad  Ad 

where  is  the  flow  conductance  of  the  liquid  filled  plug. 

The  low  frequency  time  constant  is  simply  the  ratio  of 
the  damping  consteint  to  the  restoring  constant; 

and  the  low  frequency  3DB  break  point  below  which  the  response 
drops  6DB  per  octave  is  given  by:  . , ^ 

I _ Aplv-le 

= - 2-!T  F \ 

and  , 

I ITT  n.  "t 


.Ap  ) " 


\Ap  / Ao  ^ 

Substituting  for  the  area  ratio  squared  in  the  above  relation  for 
power  sensitivity; 


Sp  --  25  f Ooo 


2TT  n u r l<lo  / M 

-jT  L'x:  k-pI  J 


In  Technical  reports  Nos.  1 and  2,  it  was  shown  that 
the  sensitivity  (H/P) , the  electrical  conductivity  Ko  and  the 
flow  conductivity  ky  are  all  properties  of  a given  liquid-solid 
combination  and  are  independent  of  the  size  or  thickness  of  the 
plug.  The  combination  ^ ^ 

Ko  ( il\ 

V ^ 

as  a dimensionless  parameter  represents  the  transducer  efficiency 


or  ratio  of  enargy  converted  to  that  absorbed. 


It  may,  therefore,  be  implied  that  for  a given  linuid- solid 
combination: 


(a)  For  a given  requirement  as  to  power  sensitivity 
or  noise  pressure  and  low  frequency  response, 
the  maximum  allowable  vsLLue  of  Jg  is  determined 
and  the  equalization  requirements  are  established. 

(b)  The  above  relationship  is  independent  of  the 
site  or  thickness  of  the  porous  plug,  the  number 
of  plugs  employed,  or  the  type  of  impedance 
matching  device  employed,  if  any. 


(c)  Mechanical  impedance  matching  means  permit  a 
choice  to  be  made  as  to  whether  to  use  a large 
plug  area,  a multiplicity  of  plugs,  or  a small 


— 1 .-.-..>1  4 -f nn 

pj.U^  1«X  iuo ..  . 


Tho 


fundamental  equalization  requirements  are, 
however,  unaffected. 


The  Jg  Chart  relations  depend  on  the  eiectrokinetic 
parameters  (H/P),  ky,  and  Ko.  Each  of  these  is  subject  to 
considerable  variations  but  the  variations  tend  to  cancel  the 
way  that  they  are  combined  to  represent  'he  conversion  efficiency 
of  the  liquid  filled  solid.  Taking  data  from  Figure  4-17  in 
Technical  Report  No.  3 at  25°C,  for  Grade  #03  porcelain  and 
acetonitrile: 


_ _7 

Ko  - 8 X 10  rahos/Cm 

H/P  = 4-9x10”^  volts/dyne/Cm^. 

kv  = 1.63xl0~°  CmVdyne  Sec. 

(Efficiency  = 1.256) 

Using  the  above  values  in  the  relation  for  power 
sensitivity  derived  in  3.0  we  obtain: 

“Sp  = - to  ioc,  Js.  ^-lo  !lo3n^_-73.4> 

3 

where  Jg  is  in  psi  per  In-^. 


>B  previously  derived: 

Pm  = - 5p  - \ 54. 


- u - 


Tif  t 


And  combining  the  above: 


Pm  = \ O lioq  Je.  “ 10  — 80.4- 


The  above  relation  is  given  charted  on  the  enclosed 

T 

O O Vi^  I *GL  k Lr  • 


( 4)  Equalization  Volume; 

Once  the  required  value  lias  been  determined, 
consideration  must  be  given  to  the  means  of  equalization.  Such 
means  may  consist  of  a compressible  oil  volume,  a compressible 
gas  volume,  a stiff  diaphragm,  a bellows  backed  by  a linear 
spring,  a compressed  gas  tank  with  regulating  and  escape  valves 
or  others.  Some  means  of  preventing  the  hydrostatic  pressure 
from  appeal--; ng  across  the  siectiokinetic  cell  diaphragms  which 
contain  the  highly  purified  polar  liquid  is  unavoidable  if  good 
low  frequency  response  is  to  be  obtained  at  appreciable  depths. 
For  operation  at  a given  depth  two  requirements  must  be  met. 

Jg  must  be  equal  to  or  less  than  the  required  value  and  the 
difference  pressure  across  the  cell  must  be  small,  generally  less 
than  5 psi. 


To  minimize  sealing  problems  and  accomplish  a low 
differential  across  the  cell  two  means  of  equalization  suggest 
themselves.  One  is  to  use  a volume  of  gas  behind  the  cell  or 
receiving  diaphragm  which  is  compressed  on  descent  to  equalize 
the  outside  pressure  and  provide  compliance.  The  other  is  to  use 
a volume  of  oil.  One  method  is  the  use  of  fixed  and  variable 
volumes  where  the  fixed  volume  is  in  pressure  contact  with  the 
rear  diaphragm  of  the  transducer,  and  a variable  volume  is 
exposed  to  the  sea  and  acoustically  isolated  by  a capillary  or 
relief  valves  from  the  fixed  volume  and  rear  diaphragm.  For  a 
gas  the  variable  volume  will  be  generally  larger  than  the  fixed 
volume  whereas  the  converse  is  true  for  liquids.  In  either  case 
as  the  fluid  is  compressed  the  value  for  Jg  will  increase,  hence 
the  design  must  be  based  on  the  maximum  operating  depth. 

It  will  be  convenient  to  consider  total  volume  at 
atmospheric  pressure  as  this  factor  "V-p”  most  directly  affects 
the  size.  V<j«  is  the  sum  of  the  fixed  volume  and  the  variable 
voliome  at  atmospheric  pressure. 


(a.)  Gas  Volumes: 

For  a given  fixed  volume  of  gas  Vp  at  pressure  (P^ 
the  value  of  Jg  is  given  by: 


*ri) 
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where  Pi  is  atmov^pheric  pressure,  Pj^ 
to  the  depth  in  the  water  and  V is 
or  1-4  for  air  or  nitrogen.  J 


is  the  head  pressure  due 
the  specific  heat  ratio 


The  minimum  variable  volume  is  that  which  will 
canpress  to  zero  at  a pressure  (P^  Pjj) » hence  fcr  constant 
temperature: 

Since  the  total  volume  V,p  is  the  sum  of  Vp  plus  Vy  we  may  derive 
from  the  a’  >ve; 

The  relation  may  be  written  as; 

\j_  . CPh  -V-  34-~r' 

78.  b Je 

where  Vf  is  in  cubic  inches,  Pq  is  in  feet  of  water  and  Jg  is  in 
psi/ln3.  In  logs: 

10  log  V.J.  = 20  log  (Ppj  -V-  34)  -10  log  Jg-lO  log  78.5  (4) 


The  above  relation  is  given  in  the  V^.  chart  for  gases 
enclosed.  It  is  equally  applicable  where  a single  compressible 
volume  of  gas  is  used,  i.e.  as  opposed  to  a fixed  and  a variable 
volume , 


It  is  evident  that  because  of  the  square  relation  the 
required  volume  increases  extremely  rapidly  with  depth.  It  may 
be  deynonstriited  that  beyond  4*000  feet  a liquid  equalizer  is 
smaller  whereas  at  shallow  depths  a gas  equalizer  requires  less 
voliime . 


I 

t 


-‘i 


•« 


(b.)  Liquid  Volumes; 


For  liauids: 


O l_ 


T 


Vi 


where  '5i_0-j-is  the  adiabatic  bulk  modulus  of  the  liquid  at  the 
operating  hydrostatic  pressure.  Where  the  density  and  sound 
velocity  are  known  the  following  relation  may  be  used; 
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jt 

1 


Yl_  ^ T ~ ^ 

The  fixed  volume  required  is: 

Vp  =. 

, , . 

xn  compuifXn^  t/n&  V6it'j.s.L^Lc  voxuiuo  olio  roXa^xOn  uoXcr 
may  be  used; 


B-r 


Actually  the  vetiue  of  Brj,  chosen  for  use  in  the  above 
equation  should  be  based  on  the  compression  at  the  given  depth. 
Ciac6  for  liquids  the  variable  -o^olnme  is  substantially  smaller 
than  the  fixed  volume,  it  may  be  approximated  by  using  the 
isothermal  bulk  modulus  ab  the  depth  In  question.  It  is 
generally  necessary  to  allow  a safety  factor  in  design  for 
thermal  expansion  and  contraction.  Then: 

+ Y^T3t/J= 


Vt 


-it  (^T  -V 


vPh') 


Unfortunately,  is  a function  of  the  depth  of  Pjj 
and  dependent  on  the  particular  liquid  used.  It  has  been  found 
that  silicone  oils  are  not  only  inert  and  excellent  insulators, 
but  are  also  "soft”  with  low  bulk  moduli!.  Their  low  temperature  - 
viscosity  coefficients  are  also  advamtageous . 

A chart  has  been  prepared  to  enable  to  be  determined 
for  0.65  and  1000  centistoke  silicone  oils  with  oils  of  intermediate 
viscosities  falling  between  the  two.  Since: 


'id  /J(L  “ 


'^T  " Jt.  (5) 

the  aligrjment  char-o  for  V-j  for  oils  permits  to  be  determined. 
The  value  of  J^.  7,^  is  obtained  from: 

i-e  ■ ("Bt  (6) 


which,  for  a given  oil  is  a function  of  depth.  The  correction 
for  depth  for  the  two  oils  mentioned  is  given  as  a graph  on  one 
arm  of  the  V«t>  alignment  chart. 


(5)  Summary  of  Symbols,  Definitions  euad  Units  Dsed  on  Alignment 
Charts; 

Sy  = Open  Circuit,  voltage  sensitivity  in  DB  re  1 
volt  per  dyne/  Cm^. 

S = Power  sensitivity  in  DB  re  1 milliwatt  at  10 
^ dynes/Cm^. 

P,.  = EquivalenJ;  noise  pressure  per  cycle  in  DB  re 
1 dyne/Cm^. 

R = Output  resistance  in  ohms. 

- Low  frequency  break  point,  (where  sensitivity 
drops  3DB)  in  c.p.s- 

J_  = Equalization  stiffness  factor  in  psi  per  In^. 

® at  receiving  surface. 

P r Head  or  depth  in  feet  of  water, 
n 

V.J,  r Total  volume  of  equaliiation  fluid  at  atmospheric 
pressure  in  cubic  inches. 

( 6)  Ds6  of  the  Alignment  Charts  and  Examples; 


(a)  The  Pjj  Chart: 


As-sume  for  example  that  a requirement  for  the  1^-2 
hydrophone  be  that  it  provide  a sensitivity  of  at  least  minus 
lOODB  at  a grid  level  open  circuit  impedance  at  45CK.  The  line 
dravm  on  the  Pjj  chart  shows  the  required  power  sensitivity  to  be 
-112DB  and  the  noise  pressure  per  cycle  to  be  -42.5DB.  (Actually 
the  cell  ou&put  in  the  LF-2  transformed  to  a 500  ohm  line  level 
and  again  to  45!®  in  a surface  transformer.) 

(b)  The  Jp  Chart; 


Connect  -42DB  for  Pm  to  5 c.p.s.  tne  low  frequency 
limit  of  the  LF-2  hydrophone  at  maximum  depth  or  20,000  feet.  A 
value  of  50,000  is  obtained  for  Jg. 
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(c)  The  Chart  (liiquids) ; 


Assuming  the  use  of  a compressible  volume  of  1000  ctsk 
oil  in  the  LF-2,  a value  of  320,000  is  obtained  for  JgVm  at  20,000 
feet  which  corresponds  to  a volume  V,j.  of  approximately  11  cubic 
inches.  Actually  a compressible  volume  of  15  cubic  inches  of 
200  centistoke  oil  was  used  giving  a safety  factor  to  allow  for 
the  stiffness  of  the  diaphra^  of  the  cell,  which  adds  about  1 
c.p.s.  to  the  low  frequency  limit. 


(d)  The  Vrp  Chart  (Gases): 


For  the  IiF-1  assume  that  a Pm  of  -52.5DB  was  maximum 
and  respoasfi  down  to  0.1  cps  was  required  at  100  foot  depths. 

Jg  is  therefore  60  or  500  times  less  tlian  that  for  the  LF-2. 

Using  the  Vm  chart  for  gases  at  a Pc  of  100  feet  and  a 
J of  60,  the  value  for'‘’V'j  is  found  to  be  four  ^4)  cubic  inches. 
iS  the  actual  hydrophone  a fixed  volume  of  1 cubic  inch  and  a j 

variable  voliane  of  4^  cubic  inches  was  used  so  that  'n/t  - S.5  . 

This  hydrophone  used  two  parallel  2"  OD  x 1/8"  plugs.  The 
contribution  of  the  diaphragms  is  small  at  100'  because  of  their 
larger  diameter,  hence  the  safety  factor  allowed  for  the  volumes 
is  ample. 


(7)  Conclusions; 


At  depths  of  less  than  1000  feet  gas  volumes  or  other 
types  of  equalizers  should  be  used.  At  depths  of  over  4000'  only 
liquid  filled  equalizers  should  be  considered.  Whether  or  not 
mechanical  or  electrical  impedance  matching  devices  should  be 
used  will  depend  on  other  factors. 

Equations  have  been  derived  which  relate  the  performance 
parameters  for  a low  frequency  hydrophone  to  the  principal  factor 
controlling  its  size  at  various  depths  when  an  electrokinetic 
transducer  is  employed.  The  parameters  are  based  on  x.he  use  of 
Grade  #03  porcelain  and  acetonitrile  which  form  one  of  the  most 
efficient  material  combinations  known  at  the  present  time. 


'i 


" 'i  . 


J"' 


i 

'%c.  I 


- 19  - 


H IN  FT.  OF  WATER 


APPENDIX  B 


SELF-NOISE  AT  LOW  FREQUENCIES 


The  quest.loii  often  arises  as  to  how  the  thermal 
self-noise  in  an  electrokinetic  hydrophone  compares  with  that 
of  a piezoelectric  or  ceramic  hydrophone  which  has  "no"  parallel 
resistive  component.  The  thermal  noise  in  a piezoelectric  or 
ceramic  hydrophone  is  apt  to  be  negligible  at  high  frequencies 
but  be  quite  large  at  low  frequencies.  A shunt  resistive 
component  will  always  exist.  (If  it  didn't  the  tydrcpLone 
would  measure  to  zero  frequency.)  As  its  value  increases  the 
noise  power  increases,  but  this  is  more  than  offset  by  the 
increased  attenuation  due  to  the  presence  of  the  capacity 
across  the  noise  source. 

In  Figure  16  the  thermal  noise  equivalent  circuits 
are  given  for  both  electrokinetic  and  piezolectric  or 
ferroelectric  transducers  at  low  frequencies. 

In  each  circuit  is  the  voltage  proportional  to 
the  applied  pressure  P,  the  sensitivity  being  S.  In  each 
circuit  the  noise  voltage  is  represented  by  a voltage  source 
Ejj  in  series  with  the  resistance.  External  shunt  resistance  in 
the  electrokinetic  circuit  can  be  neglected  or  accounted  for  in 
the  value  of  R^,  the  output  resistance  of  the  transducer. 

Since  the  noise  voltage  in  one  cycle  6^,0  for  the 
electrokinetic  element  may  be  written  simply  as  V R e ’''^e re 

K is  the  proper  constant  for  a given  temperature  it  is  evident 
that  the  equivalent  noise  pressure  for  it  will  be: 

p _ Cne  '’^'TrZ 

Tine  - -3e 

The  piezoelectric  circuit  is  somewhat  more  complicated. 
From  the  equivalent  circuit  we  may  write  the  voltage  at  component 
of  E^  due  to  a pressure  P as  e^jp  where: 

e ^ SpRp  o p 

The  noise  voltage  component  of  E2  in  one  cycle  is  the 
voltage  produced  at  the  output  terminals  due  to  the  thermal 
voltage  Ejj.  This  may  be  written  as: 
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PIEZOELECTRIC  OR  FERROELECTRIC 


FIGURE  16 
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From  the  above  we  obted.n  the  equivalent  noise  pressure 
in  one  cycle  appearing  across  the  output  terminalsj 

p 

^ Sp'Rpure 

For  comparison  we  ratio  the  noise  pressure  of  the 
piezoelectric  to  the  elect rokinetic; 

Pn p _ 5e  y 'Pp  I 

Pne  5p  V Re  "RpUjC 

NowfElpC  is  the  reciprocal  of  the  low  cut-off  frequency  of  the 
piezoelectric  device,  hence  the  ratio  ciay  be  reqritten  as: 


Pne, 


i ^P 

\ 1^-  n 


where  n is  the  frequency  in  c.p.s.  and  iv  is  the  measured  or  known 
cut-off  frequency  of  the  crystal.  To  eliminate  the  value  R , 


frequently  unknown,  we  may  write: 


S-  n 


Pne 


'In' 


n 


I 


Vr 


eC 


A numerical  example  will  illustrate  the  utility  of  the 
above  equation.  Assume  it  is  desired  to  compare  the  equivalent 
noise  pressure  per  cycle  of  an  elect rokinetic  hydrophone  such  as 
the  LF-1  with  an  impedance  of  17K  and  a sensitivity  of,  say, 
-103DB  with  a piezoelectric  or  ceramic  hydrophone  which  has  a 
capacity  of  .005  mfd,  a sensitivity  of  -93DB  and  which  cuts  off 
at  10  c.p.s.  The  relation  then  becomes: 


rnp  ~ t oo 
Tne  " ^ 

In  this  typical  example  the  equivalent  noise  pressures  per  cycle 
are  equal  at  100  cps.  It  is,  however,  worse  by  a factor  of  ten 
for  the  piezoelectric  device  at  10  cps  in  spite  of  its  lODB 
greater  sensitivity.  It  is  evident  that  the  Importsnce  of  the 
comparison  depends  on  the  anticipated  level  of  sea  noise. 
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TRANSFORMER  NOTES 


Ail  tidnsformers  used  on  this  project  were  procured 
frcMH  the  Southwestern  Industrial  Electronics  Co.,  P.  0-.  Pox 
13058,  Houston  19,  Texas.  Data  on  certain  of  these  transformers 
are  given  below; 


(a.)  TI -1514  Primary'  500/125  CT,  secondary  450,000  CT. 

Primary  Inductance  at  10  MV  is  9*7  henries.  Primary  D.  C. 
resistance  60  ohms.  Secondary  D.  C.  resistance;  19,000  ohms. 

These  transformers  are  flat  from  5 to  lO&O  cps.  They  were  used 
as  surface  input  transformers  for  the  LF-2  emd  S-2  hydrophones. 
They  er>ploy  double  Mv.-metal  and  electrostatic  shields. 

(b.)  RI-I714  ie  the  epoxy  impregnated  equivalent  of  the 

RI-1201.  Primary  500/125  C.T.  used  tr.  msteh  cables  Secondary 

157.000  C.T.  used  to  match  transducer.  Primary  Inductance  at 

10  IW  is  8 henries.  Primary  D.  C.  resistance  100  ohms.  Secondary 
D.  C.  resistance  9,500  ohms.  Single  Mu-metal  and  electrostatic 
shields.  Tested  in  the  LF-2  Hydrophone  at  pressures  up  to 

10.000  psi.  Response  5-1000  cps.  (The  fU-1201  was  used  in  the 
S-2  Hydrophone.) 

(c.)  KO-I429  output  transformer.  Impedances  20,000  CT/5OOO 

to  1000  CT/250  ohms.  Turns  ratio  4.5:1.  Primary  inductance 

32.000  henries.  Response  2 DB  from  0.1  to  7; 500  cps.  Hum 
bucking  coil  construction  with  two  Mu-metal  and  one  copper 
nested  shields.  Size  3i  3"  x 3^".  Wt.  3^  lbs.  These 
transformers  were  not  actually  tested  in  service  with  the  LF-1 
Hydrophones  but  should  be  perfectly  suitable  for  underwater  and 
surface  use  to  match  a long  low  impedance  cable  at  frequencies 
down  to  0.1  cps. 

(d.)  No.  1546  Experimental  transformers.  The  RI-1714  and 
TI-I514  transformer  combination  matches  a 15(K  transducer  to  a 
500  ohm  line  and  in  turn  to  a 450K  level  at  the  grid  winding. 

This  is  a good  cou±>inaticn  except  that  the  cut-off  frequency 
is  at  5 >3P8.  The  overall  voltage  gain  is  about  4.6DB.  The 
problem  of  maintaining  the  Scuce  gain  in  a similar  combination  to 
work  to  1 cps  was  not  solved.  The  self-capacity  of  a high 
impedance  winding  suitable  for  1 cps  operation  sevsriy  limits  the 
high  frequency  response. 

The  154b  transformers  were  made  with  dual  primary  and 
secondary  windings  to  obtain  different  winding  combinations. 
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Tests  were  made  using  a 150K  source  and  a cathode  follower  grid 
circuit  with  two  154^>  transformers  matching  to  a network 
representing  a 20,000  foot  cable ^ The  dummy  cable  consisted 
of  two  series  100  ohms  resistors  with  a 1 mfd  capacitor  shunting 
their  junction  to  the  other  wire  and  forming  a "T".  With 
this  arrangement  it  was  found  possible  to  achieve  unity  gain 
from  4DB  points  at  1 cps  and  50C  cps.  With  another  connection 
and  a 6DB  loss  in  gain  the  response  was  down  2D5  at  1 cps.  and 
3DB  at  500  cps.  Ho  loss  occurred  at  500  cps,  when  the  transformers 
were  directly  connticted  ie  without  the  dummy  cable.  The 
arrangement  with  unity  gain  employed  a 24.6/1  and  1/24.6  turns 
ratios.  In  conclusion  it  was  demonstrated  that  unity  gain  could 
be  obtained  with  a 20,000  foot  cable  from  a 150K  tremsducer  to  a 
150K  gild  level  between  4DB  points  at  1 cps  and  500  cps. 
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